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NOMENCLATURE 
Roman 
AR amplitude ratio of the expired and inspired inert gas 
partial pressures 
f ratio of dead space/tidal volume 
g 1-f 
h fraction of gas flow rate to a compartment 
P partial pressure of inert traces 
p fraction of blood flow to a compartment 
0 blood flow rate, mls/min 
S degree of ventilation/perfusion maldistribution 
(spread parameter) 
S' saturation 
t time, min. 
V volume, mis 
V air flow rate, mls/min. 
Greek 
X partitition coefficient, dimensionless 
w angular frequency of the inert gas wave, rad/min. 
T time constant, sec. 
Subscripts 
A alveolar 
a arterial 
B blood 
V 
c end-capillary 
D dead space 
E expired 
i inspired 
j tissue compartment j 
L lung 
0 value at t=0 
T tidal or tissue 
V venous or tissue 
V mixed venous 
1 compartment 1 
2 compartment 2 
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INTRODUCTION 
The lungs are the vital organs of higner animals and man, 
in which gas-blood exchange takes place to supply the oxygen 
demand of the internal respiratory system, and to remove the 
carbon dioxide produced by the same system. Thus, optimal 
molecular concentrations of oxygen and carbon dioxide are 
maintained in each cell. The respiratory and circulatory 
systems of the higher animals provide a combination of 
physical diffusion, transport and reversible chemical reac­
tions to maintain this optimal level. The diffusion process 
occurs across the microscopic spaces between the blood and 
the pulmonary alveoli or the peripheral cells. The gas 
molecules are transported between the lungs and the body 
tissues via the blood circulation in physical solution as in 
the case of oxygen and carbon dioxide in chemical combina­
tion with blood constituents. 
The functional elements of the gas-blood exchange in 
the lung are the alveoli. A normal adult male inhales about 
500 ml of air per breath (tidal volume) at rest, with an 
average breathing frequency of about 12 per minute. Not all 
of the air entering the lung is "effective", however, due 
to the dead space contributed by the conducting airway which 
consists of pharnyx, larnyx, trachea, the two bronchi which 
further subdivide into branchioles, until the blind pouches. 
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the alveoli, are reached. In a normal adult male, this 
"anatomic" dead space occupies a volume of about 150 ml, 
causing an inefficient gas exchange amounting approximate­
ly to 30%. It is not until the alveoli, which amounts to 
about 300 million in numbers, are reached, that gas exchange 
takes place. 
This is only the "anatomic" side of the picture, however. 
As elucidated by Seagrave (48) and Kinne (25), there are 
principal gradients which contribute to ineffective gas 
transfer. The first gradient is the expired breath-mixed 
alveolar gradient which is due to the anatomic dead space, 
the second is the mixed alveolar-end-capillary gradient which 
results from impeded diffusion and/or maldistribution and 
which may be termed as due to "physiological dead space" 
or an "equivalent shunt". The third gradient is the end-
capillary blood-arterial yradient which results froia "venous 
admixture" or "anatomic shunt". 
The aim of this work is to develop a descriptive and 
experimental model of maldistribution, which contributes to 
the second gradient mentioned above. The maldistribution prob­
lem has long been known, and several methods, including the 
graphical analysis of Riley and Cournand (43), and radio­
isotope scanning methods (8, 61) were used. The graphical 
procedure is laborious, however, because of the inter-
3 
dependency and nonlinearity of the O2 and CO2 dissociation 
curves, and the fact that diffusion impairment plays a sig­
nificant role. This was taken into account by the graphical 
analysis of King and Briscoe (22), and computer routines 
were developed by Kinne and Seagrave (26), to reduce the 
labor requirement for this method. Radioisotope methods on 
the other hand, give V/0 on a topographic basis only, without 
considering inequality in neighboring regions. To overcome 
the complications introduced by and COg, various inert 
gas techniques were used (10, 50, 57). In this work inert 
gas will be defined as a gas which is not chemically reactive 
like ©2 and COg, and which obeys Henry's Law and therefore 
has linear solubility relations. Thus, they are quanti­
tatively recoverable from the body at any time. Thus, this 
uptake and elimination relationship may be described with 
relatively simple physical laws, which are applicable to 
most of the anesthetic agents used in anesthesiology. The 
work of Wagner et al. (56), which recovered continuous V/0 
distributions by means of numerical techniques from retention 
(excretion)-solubility distributions using multiple inert 
gas infusion, was a considerable improvement for the detection 
of maldistribution, as it gave a continuous V/Q distribution, 
although it has some drawbacks from a mathematical point of 
view, as described by Olszowka (33). 
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The determination of lung perfusion by the frequency-
response method (49), offered considerable promise, being 
noninvasive and simple, although not as exact as the 
continuous method of Wagner et al. (56). It was observed 
that this method could be used to determine maldistribution. 
Preliminary experiments using the frequency-response tech­
nique showed that a one-compartment homogeneous lung model 
describes the healthy lung satisfactorily and that the effect 
of recirculation may be neglected with a suitable choice of 
inert gas and frequency. This investigation was then 
extended with more sophisticated equipment using multiple 
inert gas washout technique simultaneously with the frequency 
response technique, which gave a better picture of mal­
distribution models in healthy subjects. This technique 
then can be used to detect maldistribution in pathological 
cases by means of fitting a representative model. In 
general, a two-compartment model or a parallel dead space is 
sufficient to describe a pathological situation, although it 
does not give exact distributions. 
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LITERATURE 
The problem of maldistribution was first recognized by 
Haldane (18) and Krogh and Lindhard (27) , who were mainly 
concerned with "stratified inhomogeneity" resulting from 
variation of alveolar gas composition with distance from 
the bronchioles. Sonne (53) and RoeIsen (47), however, 
attributed this difference to 'regional inhomogeneity'. 
Later on, Fenn, Rahn and Otis (15) developed a graphical 
procedure using the O^-CO^ diagram to describe the pulmonary 
gas exchange in the presence of V/Q inequality. Riley and 
Cournand (44) extended this analysis on a four-quadrant 
diagram, which described the partial pressures and concen­
trations of and CO^ in the alveolar gas and capillary 
blood simultaneously. These graphical procedures eliminate 
the difficulty of analytic solution due to nonlinearity 
and coupling of the and CO^ dissociation curves. Lenfant 
(28) measured the alveolar-arterial tension differences 
((A-a)D) for CO^ and with increasing inspired 
concentrations, and concluded that two modes of V/Q exist, one 
mode having slightly higher V/Q than mean, the rest having 
very low V/Q. King and Briscoe (2 3, 24) used Bohr integral 
isopleths and V/Q isopleths which were superimposed on the Og 
dissociation curve, to describe the (A-a)DO^ resulting from 
impeded diffusion and maldistribution. Kelman (19, 20, 21) 
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used computer subroutines to fit and CO^ dissociation 
curves. Kinne and Seagrave (26) developed computer sub­
routines which eased the laborious graphical analysis of King 
and Briscoe. West (58) developed computer models to describe 
V/0 inequality and found that maldistribution affects the 
transfer of CO^ as well as that of O^. 
Because of the difficulties involved with 0^ and COg 
dissociation curves, inert gases were used and their uptake 
and elimination examined to detect V/0 inequalities. The 
earliest extensive analysis of inert gas exchange was done 
by Kety (22). Because of the applicability of Henry's law 
(linear solubility curve), uptake of inert gases can be 
expressed by a simple relationship, as indicated by Farhi 
(10), Noehren (32) and Severinghaus (50). The effects of 
maldistribution on inert gas elimination were investigated 
by Farhi and Yokoyoma (13). They showed that alveoli with 
high V/Q contribute to the alveolar dead space, which can 
be detected more easily with gases of low solubility, and 
alveoli with low V/Q contribute to the venous admixture , 
which can be detected more easily with gases of high 
solubility. Yokoyoma and Farhi (65) used the multiple 
ir.3rt gas washout technique to detect V/Q distribution. 
One of the most significant advances in the evaluation of 
V/0 distribution was developed by Wagner, Saltzman and West 
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(56). They obtained continuous distributions of blood 
flow vs. V/Q and ventilation vs. V/Q, by recovering reten­
tion vs. solubility and excretion vs. solubility distribu­
tions, respectively, utilizing numerical techniques, after 
infusing a multiple gas mixture of various solubilities. 
It was seen that, a minimum of ten compartments were 
required to define the shape of the V/Q distribution curve, 
and adding more compartments merely changed the scale of the 
ordinates. They observed that selection of gases also 
plays an important role in the description of V/Q distribu­
tion. A highly soluble gas is needed to distinguish highly 
ventilated regions from dead space, and a poorly soluble gas 
is required to distinguish highly perfused regions from 
shunt. Other gases of intermediate solubility are required 
to evenly divide the solubility range. It was found that, 
recovered distribution did not depend on the shape of the 
initial distribution as long as it was a smooth curve. It 
was assumed that steady-state is attained after an infusion 
period of 20 min. This assumption was justified, as a 
theoretical time course for equilibration of arterial and 
mixed venous tensions of 20 min. was required even in the 
extreme case of a poorly soluble gas (SF^) and severe mal­
distribution. The other assumption that alveolar and end-
capillary gas tensions are equilibrated, is ^.stified. 
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They indicated that the only source of error in this analysis 
would be the assumption that inspired gas contains none of the 
inert gases, i.e., there will be no rebreathing of the ex­
pired gas from other aveloli. 
The Maldistribution Problem - Its Significance 
and Consequences 
Although the alveoli are supplied by the same mixed 
venous blood and inspired gas in parallel, the gas tensions 
may differ in various alveoli due to variation in the gas 
tension of inspired gas and mixed venous blood and also in 
the V/0 of each unit. Thus, alveolar-arterial gradients are 
produced. Hence, maldistribution not only causes different 
alveolar gas tensions, but also an alveolar-arterial gradient 
((A-a)D), the extent of which is proportional to the V/& 
variance. 
The effect of maldistribution on O2 and CO2 transfer 
can be visualized by constructing a V/Q curve which represents 
all possible gas tensions existing in the alveolar gas and 
end-capillary blood which are in equilibrium (if diffusion 
impairment is neglected). The steps in constructing this 
curve are shown elsewhere (39, 44, 45). The curve is shown 
in Figure 1. 
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Figure 1. V/Q^curve for 0^ and CO^ (from Rahn and Parhi 
The following assumptions were made in this analysis: 1) ' 
the alveolar and end-capillary gas tensions are in equi­
librium, i.e., there is no diffusion limitation, 2) all 
Oj removed from the alveolar space is taken by the capil­
lary blood, and all CO. taken from the venous blood goes to 
the alveolar space (i.e., metabolism of the alveoli is 
neglected), 3) Inspired gas tension is constant, it can 
be seen from Figure 1, that P^^^is mostly affected by 
alveoli having a high V/Q. This means that alveoli that are 
contributing to dead space (i.e., wasting their ventilation), 
contribute much significantly to the (a-A)Dg^ , „hich is 
— • • - - • - 2 
primarily due to unequal v/6 distribution, stated in another 
way, the reflects the existence of a physiological 
dead space. On the other hand, change in POj is mostly 
10 
affected by alveoli having low V/Q (i.e., wasting their per­
fusion). Thus, the contribution of maldistribution to the 
(A-a)D-. , which is also affected by diffusion impairment and 
2 
venous admixture, reflects the existence of 'physiological 
shunt'. For illustration purposes, the independent effects 
of venous admixture, diffusion limitation, and maldistribu­
tion (which are not actually independent) on (A-a)Dg as il­
lustrated by Fahri and Rahn (11), is shown in Figure 2. 
100 
Figure 2. Effect of venous 
admixture (ex­
pressed as % of 
total pulmonary 
blood flow in (a), 60 
diffusion limi­
tations (expressed 100 
as diffusing 
capacity of O^, ml 
per min. mm Hg, 
in (b), and mal- 80 
distribution (ex­
pressed as,vari­
ance in V/Q in 
(c). The ordi- 60 
nates are O2 I 
tension in mm Hg 
(from Farhi and 
Rahn (11)) 
80 
60 
I 2 3 
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Simultaneous effects of venous admixture, diffusion 
limitation and maldistribution are shown in Figure 3. 
MMHC — 
CO-
40 
50-
S 20-
10-
TOTAL 
0 -
-I-
40 —I—I 600 700 MMHC 60 80 100 ISO 200 400 
Alveolar 0. Tension 
Figure 3. Simultaneous effects of maldistribution, diffusion 
and venous admixture on (A-a)(from Farhi and 
Rahn (ID) 2 
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Effects of V/Q on alveolar ©2' ^ ^2 ^2 tensions 
The simultaneous effects of V/Q on O2, CO2 and N2 
tensions can be seen in Figure 4, which was plotted from 
Figure 1: 
Figure 4. Alveolar gas tensions as a function of V/Q plotted 
on a log scale. The top curve represents the sum 
of the two values. The tensions are in mm Hg 
(from Farhi and Rahn (11)) 
It can be seen from Figure 4 that the variation in P. 
is most significant at high V/Q, variation in is most 
°2 
significant at low V/Q, and that of P also at low V/Q. 
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Consequences of V/Q variation on P„ are similar to that of 
2 . . 
p , in that both (a-A)D _ and (a-A)D are due to V/Q 
CU2 CU2 1^2 
variance, but differ in that (a-A)D^g is mostly affected 
by variance of high V/Q, whereas (a-A)D is mostly by 
. . 2 
variance of low V/Q. Because of the similar behavior of 
COj and Ng in this respect, it is useful to observe V/Q 
distribution on a N^-COg diagram, as shown in Figure 5. 
630 610 590 570 w- 550 
Figure 5. All possible nitrogen and carbon dioxide tensions 
that may exist in alveoli or end-capillary blood 
(from Rahn and Farhi (39)) 
It is evident from Figure 5, that (a-A)D CO, is mostly af­
fected at higher V/Q than normal, and (a-A)D is mostly af-
. 2 
fected at lower V/Q than normal. (Normal V/Q point is 
represented by A, which is at the intersection of R = 0.8 
line and V/Q = 0.9). 
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The effects of diffusion limitation and venous admixture 
on the V/Q curve are shown in Figure 6. These figures indi­
cate that low V/0 enhances diffusion limitation and high 
V/Q enhances the effect of venous admisture. That is, 
(A-a)D is higher at high V/Q even at normal degrees of 
venous admixture. 50 
40 
30 
20 
10 
V— 
® 
' ' « 1 1 1 I 
140 / 
40 60 80 100 120 140 / 
Figure 6. Effects on ^/O (A: Effects of diffusion limitation 
on V/Q. D is the diffusing capacity of Og (ml 
per mm Hg) (from Riley and Cournand (44)), B: 
Effects of venous admixture on 9/Q (from West and 
Rahn (62)) 
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Detection of V/Q inequality in the lung 
The topographic inequality of V/Q in the normal, upright 
human lung was established by radioisotope tracer methods 
(8, 61, 64), indicating that there is maldistribution even 
133 in normal human lungs. Dollery and Gillam (8) used Xe 
and obtained blood flow per volume, ventilation per volume 
and hence V/Q, as a function of distance from the base of 
the lung. Their results are shown in Figure 7. 
fEWUSWN/VOUlME VCNTiL'ATIdN/VOlUnt VENTILAIION/PER^USION 
INCMS AIOVC lUNC lASt 
Figure 7. Regional inequalities of perfusion, ventilation 
and V/0 (from Dollery and Gillam (8)) 
From their results it is seen that, perfusion/volume is 
about 5 times that of ventilation/volume at the base. 
Therefore, since ventilation/volume does not vary signifi­
cantly, V/Q increases from base to apex. 
West (57) showed these variations together with variations 
in P , P , P and R, using the same technique, for 9 
°2 ^2 
Vol : VA Q R 
% l/n I 
7 .24 .07 3.3 13Q 26 553 2.0 
6 .33 .19 1.6 121 34 558 1.3 
/O 42 .33 1.3 114 37 562 1.1 
/ /  .52 .50 1.0 108 39 566 .92 
/5 59 .66 0.90 102 40 57/ .85 
13 A7 .83 0.60 98 41 574 .78 
j#, '#### ' 13 .72 .96 0.73 95 41 577 .73 
13 .76 1.15 0.68 92 42 579 .68 
f \ \  -«ir#! 13 .62 129 0.63 89 42 582 .65 
- r M i x e d  A l v e o l a r  
I*', / \ X •' ir / 101 39 572 
Mixed arterial 
|vll / \ A- a diff. 
97 40 575 
4 1 3 
o\ 
Figure 8. Effects of V/0 on regional gas tensions (from West (57)) 
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sections of the lung. Thus, the apical sections contribute 
to dead space with their overventilation, and basal sections 
contribute to shunt. In spite of these large local dif­
ferences, West (57) showed that the overall gas transfer 
is quite efficient, the 0^ uptake being only 2% less than 
that of a homogeneous lung. 
These topographic inequalities were explained by West, 
Dollery and Naimark (64) and West (57) on the basis of 
variation of transmural pressure difference as well as blood 
gradient due to gravity. They described a three zone model; 
the apical zone where no blood flow occurs due to pressure 
gradients in the direction > P^ (i.e., alveolar 
pressure exceeds arterial pressure), the middle zone where 
blood flow was determined not by the arterial-venous 
pressure difference, but by the arterial-alveolar pressure 
difference (P^ > > P^) and finally the basal section 
where the blood flow is determined by the usual arterial-
venous gradient. 
Thus, even in a normal human, there is considerable 
variance of V/Ô distribution due to topographic inequality. 
In a normal human, however, there is not only topographic 
inequality, but also there is inequality in neighboring 
alveoli. This is demonstrated by West (60), relating his 
results to the previous work of Wagner, et al. (56). Figure 
18 
9 shows the distribution that was obtained in normal young 
subjects breathing air in semirecumbent position. The 
degree of maldistribution is defined here as the logarithm 
of the standard deviation of the distribution curve, i.e., 
log a, where a = standard deviation. 
VENTILATION 
LOG W.O » 
MC«N Vj,/t<l05 
01 
CNTILATION OR 
•LOOO FLOW 
L/mIn 
04 
001 1000 
140 
% SATURATION OR 
ALVEOLAR Pb; 
mm M; 
ALVEOLAR Pcq. 
mm Hg 
Oj SATURATION 
40 
001 01 10 100 
VENTILATION - PERFUSION RATIO 
lOOO 
Figure 9. 9/0 distribution and variation of alveolar Og and 
CO2 tensions (from West (60)) 
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From the P and P variation in the 95% range of V/0 
O2 CO2 
variance, it is seen that P ranges from 60 to 123 mm Hg 
"2 
and CO2 from 44 to 33 mm Hg, whereas from Figure 8, which 
is based on topographic inequality only, it is seen that the 
respective ranges are 89-132 and 41-28 mm Hg. It should be 
the opposite case if V/0 was based on topographic inequality 
only, because V/6 inequality in erect position is higher 
than in semirecumbent position. Thus, this suggests that 
there is a 9/0 inequality also at the same topographic level. 
Some other consequences of normal and abnormal 9/0 
distributions were demonstrated by West (60) . Figure 10 
shows V/0 distribution in a normal 44 year old man; 
\ 
vCNriiânoN 
vCMtiiinoK -nA'usiON aarto 
Figure 10. 9/0 distribution in a normal 44 year old man 
(from West (60)) 
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The greater amount of blood flow to the low V/0 can be seen. 
In general, dispersion of blood flow increased with age. 
The effect of pathological changes on maldistribution 
have been studied by artificially causing these changes to 
occur in dogs. The following results were obtained: 
From Figure 11(A) it is seen that in the case of 
«BLOOD FLOW 
as 
• VENTILATION 
PULMONARY 
EMBOLI 02 
••60* SHUNT 
c 
001 1000 
•-34 8» SHUNT 
06 
j HEMOBRHAGIC j 
I PULMONARY 
EDEMA ' 04 
-J 
J1 
001 10.0 100.0 
mJ 06 
04 
LOBAR 
PNEUMONIA 
02 
OOt at to too 100.0 
Figure 11. Effects of pathological changes on V/0 distribu­
tion (from West (60)) 
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pulmonary embolism the distribution of ventilation is very 
abnormal and is bimodal, large portion of the ventilation 
going to high V/Q regions. There is blood flow to areas of 
low Ù/Q, and a shunt of 8.8% is present. In the case of 
hemorrhagic pulmonary edema (Figure 11(B), although the 
distribution is confined in a narrow region, there is a 
shunt of 34.8%. In labor pneumonia (Figure 11(C)),there 
is a 22.3% shunt, with little variance of distribution, but 
there are no regions of low V/0 ratios. 
Also it was found that, when breathing pure the 
amount of blood going to low V/6 regions is converted to 
shunt. 
Some acute and steady-state effects of maldistribution 
were investigated by West (58) using computer models. The 
acute effect of maldistribution on Og uptake and COg output 
is seen in Figure 12. Figure 12 shows that, both uptake 
and CO2 output are reduced with increasing maldistribution. 
At a log standard deviation of 2.0, the Og uptake is reduced 
by 55% and CO^ output by 45%. This corresponds to a re­
duction of oxygen tension by about 50 mm Hg, and COg tension 
by 2 mm Hg. 
Steady-state effects of maldistribution were observed, 
holding Og uptake and CO^ output constant with R = 0.8 
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Figure 12. Effect of V/Q inequality on O2 uptake and CO2 
output (from West (58)) 
(Og uptake = 300 ml/min., CO^ output = 240 ml/min.), and 
alveolar ventilation and blood flow of 5.1 and 6.0 ml/min., 
respectively. The effect of maldistribution on various 
factors are shown in Figure 13. It is seen that, mixed 
venous P. falls to zero when log standard deviation = 
2 
2.0, which means that 0^ uptake cannot remain at 300 ml/min. 
when V/Ô variance is increased beyond this point. This im­
plies also, that arterial P _ cannot exceed 80 mm Hg under 
^"2 
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Figure 13. Effect of maldistribution on gas exchange at 
constant Oy uptake and CO, output (from West 
(58)) 
the above conditions. With decreasing arterial P , the 
°2 
alveolar-arterial O gradient increases, mixed venous P 
2 O2 
also falls to maintain the necessary 0^ uptake. For CO^, 
to compensate the rise in arterial P . , venous P increased 
to maintain the necessary CO2 output in the lungs. Also, it 
is seen that alveolar dead space and venous admixture increase 
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slowly at first, then shunt increases twice as much as dead 
space. 
The general physiological situation is different, how­
ever, because of the regulatory mechanisms of respiration 
centers involved in compensating for the arterial and 
COg changes. For example, the respiratory center responds 
to the rise in arterial CO^ by increasing the ventilation. 
The efficiency of gas transfer in the presence of mal­
distribution can be improved by increasing overall ventila­
tion, overall blood flow, inspired O2 tension, or hemo­
globin, and by changing the acid-base status of the blood. 
Effects of increasing ventilation are seen in Figure 14. 
( a )  
OVTHALL VENTILATION. Ilters/min OVERALL VENTILATION, liters/min 
Figure 14. Effects of increasing ventilation on arterial and 
venous PO and P (from West (58)) 2. CU2 
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Figure 14(a) shows that arterial is mostly affected by 
^2 
ventilation and a rise in arterial is rapidly reduced 
by hyperventilation, and that it decreases to higher levels 
with increasing a. On the other hand, arterial P^ is 
little affected by increased ventilation and does not come 
back to its normal level, when there is substantial mal­
distribution. Figure 14(b) shows that mixed venous P^q is 
also decreased rapidly with hyperventilation, but mixed 
venous P is increased very little. In fact, for values of 
"2 
log standard deviation from 0 to 1.5, it falls with increasing 
ventilation. Also, at the constant level of ventilation 
(e.g., 15 L/min.), venous P increases with a small increase 
°2 
in maldistribution. This depressing behavior of Pq at 
2 
decreasing CO^ tensions is due to the Bohr effect. 
Figure 15 shows the effect of increased blood flow on 
arterial and mixed venous P and P . It is seen that, 
^ 2  ^ 2  
increased blood flow has no effect on arterial P and P . 
"2 ^"2 
With increased a, arterial P ^ decreases and P^ increases 
CU2 <->2 
slightly. On the other hand, increased blood flow has a 
significant effect on mixed venous O^ tension as seen in 
Figure 15(b). Thus, except for mixed venous tension, 
increase in ventilation has more of a significant effect on 
arterial and mixed venous P and P^^ than increase in blood 
°2 2 
flow. 
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Figure 15. Effects of increasing overall blood flow on 
gas tensions (from West (58)) 
It is also illustrated that excessive maldistribution 
prevents increase in arterial Pq when inspired Pq increases. 
This is shown in Figure 16(a). This is because most of the 
blood flow is going to alveoli with low so that even 
when the inspired oxygen content is very high, because of 
low V/Q, the end capillary tension is not sufficiently raised. 
Unless 100% Og is breathed, these regions are indistinguish-
ible from pure shunt. 
Combined effects of ventilation, perfusion, hematocrit. 
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Figure 16- Effects of increasing inspired 0» concentration 
on arterial O2 tension (from West (58)) 
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base excess and inspired tension in the presence of 
severe maldistribution are shown in Figure 17. The initial 
points indicate the condition of severe hypoxia and hyper-
carbia. 
00 
ARTERIAL 
VENOUS 
40 
''°0 10 20 30 40 50 
P q j ,  m m  H I )  
Figure 17. Successive changes in blood gas tensions in a 
lung with severe maldistribution (log a = 2.0) 
as the following parameters are increased; 
(1) overall ventilation, (2) blood flow, (3) 
hGRiatocrit by 50%, (4) base excess raised by 
10 meq/L and (5) inspired O tension raised by 
50% (from West (58)) 
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Uptake and elimination of inert gases in the presence of 
maldistribution 
Inert gases are suitable for investigating maldistribu­
tion and pulmonary gas exchange, because they are not chem­
ically reactive like Og and COg, and they obey Henry's law, 
i.e., have linear solubility relations. Thus, anesthetic 
gases which have clinical importance during anesthesia , are 
useful in this respect. 
The first extensive investigation on uptake and limina-
tion of inert gases was made by Kety (22) . Elimination and 
uptake of inert gases follow simple relationships. Elimi­
nation of an inert gas can be expressed by the following 
relation (12, 22, 32, 50): 
= ^ v—V 
X + -
a 
This means that, the ratio of , which can be 
described as excretion (or retention if equilibrium between 
alveolar and end-capillary blood is assumed, i.e., P^ = P^) 
is only a function of ^/û for a given inert gas. The effect 
of ^ /O inequality on inert gas elimination can be visualized 
in terms of fractional elimination, which can be expressed 
as (13, 59): 
Fractional elimination of , 
inert gas = (2) 
1+X-
Q 
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As shown by West (59), in the presence of V/6 inequality, 
fractional elimination decreases. This is shown in Figure 
Vx 
,0t .1 I 10 >00 
Inn imfiwil diitfibutioil 
10 
50 
20 
3.0 
.01 I 001 I 10 
Solubility Iffll/lOOrnl/mmHg), &*/& « 016 
Figure 18. Fractional elimination of gases (ml/min. exhaled 
as a fraction of the ml/min. arriving in the 
mixed venous blood) vs. blood solubility when 
the overall is normal (0.86). In addition, 
the upper axis allows the fractional elimination 
to be determined if the partition coefficient 
is known (= 8.63 x solubility) (from West (59)) 
It is seen that, when V/0 is normal, i.e., log a between 0 
and 1.0, impairment of gas output is highest for gases of 
medium solubility. This effect of maldistribution on im­
pairment of gas output can be seen in Figure 19. As seen 
from Figure 19, gases of medium solubility show the greatest 
impairment (approximately at S' = 0.1 ml/100 ml/mm Hg, or 
X/^ = 1.0). Thus, a log normal distribution of V/6 will 
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Cm 
ovlpul % 
MOI 001 0 1 I 10 
Solubility (ml/100 ml/mm Hg), VA/0=.86 
Figure 19. Impairment of gas output caused by V/0 in­
equality. Gas output is shown as % of that for 
a homogeneous lung (from West (59)) 
reduce the elimination of a medium soluble gas like NgO, much 
more than helium or ether. This effect is seen for a normal 
physiological range in Figure 20, 
This behavior is also illustrated by Farhi and Yokoyoma 
(13), and explained by the fact that, alveoli with high V/0 
are effective in eliminating gases with high solubility, 
and that those with low V/0 are effective in clearing blood 
from gases which have low solubility. 
The extent of arterial-alveolar difference of gas tensions 
is a measure of maldistribution. It is seen from Figure 22, 
A/k 
' Q 
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Figure 20. Gas output (as a % of that for a homogeneous 
lung) vs. log a for various solubilities 
(from West (59)) 
that this difference is much higher with gases of low solu­
bility. For uptake of gases, it is the opposite case. Com 
parison of uptake and elimination of inert gases has also 
been done, and shown that, the shape of % gas uptake vs. 
solubility (or \/%) curve is similar when the inspired con­
centration of the inert gas is less than 10%, and shifts to 
the right with increasing inspired concentration. This 
effect is shown in Figure 21. 
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Figure 21. Effect of changes in the inspired fractional 
concentration (F^) of a gas on the impairment 
of its uptake due to maldistribution (from 
West (59)) 
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Figure 22. Magnitude of the arterial-alveolar difference 
during gas elimination in the presence of 
maldistribution (from West (59)) 
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For gas uptake, in the presence of two gases only, 
V/Ô is given by the relation (38, 63): 
or 
% = ^cg 
ig t/a 
Thus, factors which reduce such as high solubility or low 
#/0, or factors which increase F^, increase shrinkage of al­
veoli, and therefore increase uptake with respect to output 
of the inert gas. This effect is shown in Figure 21. Thus, 
a low V/O will be effective in uptake of gases having high 
solubility. 
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MODEL DEVELOPMENT 
As summarized in the previous section, various tech­
niques which can be grouped as steady-state methods can be 
utilized to detect V/Q inequality. On the other hand, 
several physiological variables may be investigated 
by means of a dynamic method, utilizing sinusoidal, step and 
pulse forcing functions of inspired inert gases. It has 
been observed that when sinusoidally forced inspired halo-
thane levels were administered, the amplitude ratio of the 
expired to inspired halothane level and the frequency of the 
sine wave showed the characteristics of a first-order filter 
(70). This led Zwart and Seagrave (66) to develop an in­
direct, noninvasive method for determining lung perfusion 
by means of the frequency-response method. They used a 
two-compartment model, a homogeneous lung compartment and a 
tissue compartment. This analysis was later extended by 
Powell et al. (36) for different models, with and without 
recirculation, parallel dead-space, and/or maldistribution. 
Before going into the detail of the analysis of the compart-
mental model, some of the basic assumptions made will be 
stated here: 
1. Pulsatile character of ventilation and perfusion 
is neglected, and these parameters are assumed to be con­
tinuous. This assumption is quite valid, as the effeût of 
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breath-by-breath ventilation on the washout curves of step­
wise forcing functions is analyzed in a later section, and it 
was seen that its effect is negligibly small. Also, assump­
tion of continuous blood flow does not introduce any 
significant error and is a widely accepted condition. 
2. Blood and gas in each compartment are each well 
mixed, there are no concentration gradients within the 
alveolar compartment, and the inspired inert gas entering 
the compartment mixes instantaneously to the homogeneous 
concentration level existing in the compartment. 
3. The blood and gas leaving each compartment are in 
equilibrium. The equilibrium between blood and gas is 
represented by the partition coefficient. A, which is defined 
as the ratio of the equilibrium concentration (partial pres­
sure) of the inert gas in the liquid to its concentration in 
the gas phase. Throughout this paper, A will be referred to 
blood: gas partition, and A^ to tissue-blood partition. 
This assumption implies that diffusion resistance across 
the alveolar-capillary membrane is neglected, i.e., the 
partial pressures are the same in end-capillary blood and 
alveolar gas. This assumption is justified by Forster (16) 
who found the time for 99% equilibration of nitrogen along 
the capillary to be 0.01 second under normal conditions. 
If this is compared with the transit time along the capillary 
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which is in the order of 1 second, it is negligible. Rate 
of equilibration is directly proportional to diffusing 
capacity and inversely proportional to molecular weight. 
Wagner et al. (56) found that even when the diffusing 
capacity of oxygen was reduced by 95%, that when halothane, 
which has the highest molecular weight among the inert gases 
used (mol wt. 197.5), is inspired, the equilibration is 
98.5% complete in 0.75 seconds. Therefore, it is justifiable 
to neglect alveolar capillary diffusion impairment for 
inert gases. 
It has been stated earlier that V/0 inequality is found 
even in normal subjects and exact XX/0 distributions are ob­
tained by the method of Wagner et al. However, the overall 
effect of the contribution of each alveoli on the mean XX/0 
is negligible, therefore a normal healthy lung can be 
represented by a mean V/Ô of approximately unity (the actual 
calculated ratio is 0.9). Thus, although it does not give 
an exact distribution of the actual a one compartment 
homogeneous model is a good representation of a healthy 
lung. 
Main effects of ventilation/perfusion maldistribution 
can be described by representing the lung with more than 
one compartment and the magnitude of the spread of mal­
distribution can be expressed by means of a "spread 
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parameter". S, which was introduced by Seagrave (48) for 
this analysis, and defined by: 
N 
S In (4) 
where 
S = spread parameter 
- parameter of interest 
= reference value of parameter 
= weighing factor 
N = number of compartments 
With the parameters concerned, the expression for the 
spread parameter becomes 
N p. 
S = I \h. In ^1 (5) 
i=l ^ ^i 
where 
p^ = fraction of blood flow entering compartment i 
h^ = fraction of gas entering compartment i 
S can range from 0 for no distribution to 2.0 for a 
severe maldistribution. A two-compartment model can well 
describe a severe maldistribution case which can be found in 
pathological cases such as emphysema and other respiratory 
diseases. The effect of maldistribution can be described 
by grouping the alveoli which are underperfused or over-
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ventilated with an equivalent dead space compartment, or 
the underventilated or overperfused alveoli can be repre­
sented by an equivalent shunt. In this analysis, however, 
since the dynamic model is dependent on the volume of the 
compartments, shunt representation does not have any in­
fluence on the dynamic response. 
As stated above, the simplest model which describes a 
normal lung is a single homogeneous lung compartment without 
recirculation or dead space. 
where 
P = partial pressure of inert gas in the alveolar 
compartment 
= partial pressure of inert gas in the arterial 
^ blood 
= rate of alveolar ventilation 
Ôg = perfusion rate 
= equivalent lung volume = 
= alveolar volume 
tissue volume of lung 
V_ = blood volume of lung 
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= lung tissue-blood partition coefficient 
A_ = blood gas partition coefficient 
B 
and 
P. = + AP. sin wt 1 o 1 
where, 
P^ = partial pressure of the inspired inert gas 
PQ = base line concentration of the inspired inert gas 
APj^= amplitude of the inspired inert gas sine wave 
w = angular frequency of the sine wave 
When mass balance is applied to this system, the follow­
ing equation is obtained; 
dP 
-  Va '6'  
With the assumption of equilibrium between blood and 
gas, it follows that; 
Therefore, Equation 6 becomes: 
dP 
or, 
dP. 
"L dt^ + = A ^i (8) 
41 
where 
r 
or. 
'^L = & + 
A = — 
1 4. 
»A 
Taking the Laplace transform and substituting S = iw. 
^L P^(iw) + P^(iw) = A 
A 
1 + id) TL 
The amplitude ratio then becomes; 
A 
° (Wt  2,V2 <«' 
XJ 
In practice to is approximately 2 rad/min. (T = 3 min.) 
2 2 
and TL is in the order of 0.2 min., therefore (1+w ) -
1.0. Thus, Equation 9 reduces to; 
AR = (10) 
»A 
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Influence of Recirculation 
Several investigators found that venous blood carrying 
some of the inert gas returns to the lungs in a relatively 
short time so that any method such as rapid rebreathing 
techniques for determination of the amount of inert gas 
absorbed, will be affected by venous return. Baumann and 
Grollman (2), by direct cardiac puncture in man, found the 
mixed venous blood concentration of acetylene to be almost 
6% of the arterial in samples taken from 12 to 20 seconds 
after the fast inhalation, 12% in 25-30 seconds and 18% 
in 33-37 seconds. By less direct procedures, Gladstone 
(17) and Adams and Sandiford (1) found that venous blood 
contained acetylene in 10 and 20 seconds, respectively, after 
inhalation. Chapman et al. (6) found in mixed venous blood 
samples obtained by cardiac catherization that recirculation 
begins even at about 8 seconds. 
It is obvious that the frequency-response technique, 
unless a suitable combination of agent (solubility coeffi­
cient) and frequency is chosen, will be affected by venous 
return. Therefore, it is more realistic to include another 
tissue compartment, which will be representative of all the 
body tissues. In reality, there are a number of different 
time compartments with different perfusion rates. Zwart 
and Seagrave (66) investigated the effect of using two 
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tissue compartments, one representing the "slow" tissues 
(lean and fat) and the other the "faèt" tissues (viscera), 
and they found that the fast compartments were controlling. 
Thus, the tissue compartments may be represented by a single 
"fast" compartment regarding blood flow and gas solubility. 
Similar type or assumptions are made with the tissue 
compartment, mainly that it is a well-mixed homogeneous 
compartment with P^ representative of the partial pressure 
of inert gas in the tissue, and that there is no diffusion 
limitation between the tissue and the capillary blood, so 
that venous blood leaving the tissue compartment is in 
equilibrium with the tissue. 
The model which describes the recirculation situation is 
shown in Figure 23. When material balance is applied to the 
tissue compartment, the following equation is obtained: 
dP_ 
dt GgiPa-Py) (11) 
with 
where 
= compartmental tissue-air partition coefficient 
Vy = the equivalent tissue volume 
= partial pressure of inert gas in tissue compartment 
= tissue volume of the compartment 
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QB 
P-
Figure 23. Model describing the recirculation situation 
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= volume of blood in equilibrium with partial 
pressure of gas in the tissue 
P— = partial pressure of inert gas in the mixed 
venous blood 
With the assumption of equilibrium between tissue and blood; 
Therefore, Equation 11 becomes: 
dP 
Vv dT- = AGstPA-Pv) (12) 
Taking the Laplace transform and substituting S = iw: 
io) TjPy(iw) = P^^iw)-Py(iw) 
or, 
Pa(iw) 
Pv(iw) - i+i wTj (13) 
where, 
= Vy/AÛg 
Similarly, applying the material balance to the lung 
compartment, we obtain: 
dP^ 
df = (14) 
Taking the Laplace transform, substituting s = iw and 
P^ from Equation 13, we obtain: 
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or, 
Xôp. _ iw 
i" T' ^ Pa(iwl (i + ,.) (15) 
(iw) XOp, iw T. 
-V— = [1 + iw ^ ÎÎU^I (16) 
^ A ] 
Separating the real and imaginary parts : 
P (ito) XOg T 2 XÔ T. _ 
—— — [(1+ • -2—.•*•) + iw(T' + •——*—2") ] 
^i l+w^T.2 L V- l+Ol^T, 
A 3 A J 
(17) 
Taking the amplitude ratio, we obtain, 
P, W T- 2 9 2 2 
AR = p^l = [(1+ — . 4—7) + w2(T'+ r) ] 
^i \ l+w^T.Z L l+w^Tj^ 
(18) 
In Equation 18, the terms with Tj represent the influence 
of recirculation. Since Xj is a function of X and the 
recirculation is influenced by the choice of the inert gas. 
With a suitable selection of agent and w, wx^ can be made 
2 2 2 2 large enough so that the factor to x . | (1+w x. ) will be 
J J 
2 2 
approximately unity, and the term (AÔg/^^)x^j(l+w x^ << 
T', then Equation 18 reduces to 
Jb 
9 7 9 -1/9 
AR = [(1 + ^ )^ + w x^/] (19) 
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Figure 24. Model used by Zwart et al. (68) 
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Figure 25, Influence of recirculation of different gases on the amplitude-
frequency relation (from Zwart et al. (68)) 
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which is the expression for amplitude ratio without the 
effect of venous return. 
Zwart et al. (68) measured the mean •/Ô and perfusion 
for 20 healthy subjects, with the frequency-response method, 
using a multicompartmenta1 tissue (viscera, lean, fat) 
and a homogeneous lung model shown in Figure 24. In this 
case, the expression for AR will be the same as Equation 
18, except that On will be replaced by Z 0., since the over-
j ^ 
all perfusion will be the sum of the perfusions contributed 
by each tissue compartment. They investigated the influence 
of Tj on the amplitude ratio as a function of w for three 
different A/ATj ratios for halothane which is shown in 
Figure 25. They found that for cycle periods smaller than 
5 minutes and for AT^/X >2.5, the influence of recircu­
lation is negligible. Thus, with the measurement of AR at two 
frequencies, a mean 'v/O can be calculated from Equation 19. 
The amplitude variation obtained for two simultaneous 
frequencies is shown in Figure 27. 
The diagram of the experimental set-up used by Zwart 
et al. is shown in Figure 26. The oxygen flow passes through 
a valve combination to a halothane filled copper kettle, 
with a summation of two sinusoids (T^ = 3.0 min. and Tg = 
0.6 min.). After equilibration with halothane, the oxygen 
flow is mixed with air flow, the resulting mixture containing 
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Figure 26. Experimental set-up used by Zwart et al, (68) 
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11 
Figure 27. Amplitude variation of two sinusoidal frequencies 
of inhaled and exhaled halothane concentration 
(68) 
a halothane concentration which varies between 0.01 and 0.03 
vol. %. The exhaled air is led through a mixing box to 
obtain mean expired COg. Total ventilation is measured 
by dry gas meter. Inspired, expired and mean COg are 
measured with IR analyzer, and expired and inspired halo­
thane concentration with flame ionization detector. 
Thus, with the measurement of two AR values corresponding 
to the two frequencies mean V/Ô can be obtained from Equation 
19. The mean V/Ô values obtained at rest and exercise are 
shown in Figure 28. 
The condition for obtaining a plateau in the Bode 
diagram so that the amplitude ratio is only a function of 
V/0, is that << (1 + ——)^, neglecting the effect of 
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Figure 28. Mean V/C obtained from 20 individuals using 
Equation 19 (from Zwart et al. (68)) 
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venous return. But this condition has some physiological 
limitations which determine For halothane, is 
approximately 1 minute and in a normal lung is approxi­
mately unity. If it is required that the influence of 
2 2 
0 )  T' on the determination of XO/^ is less than 2%, then a 
Xi 
cycle period of 100 minutes is required, which is not 
practical. 
Effect of Maldistribution 
Up to now, models with a homogeneous lung compartment 
have been investigated. As stated earlier, maldistribution 
can be represented either with two parallel alveolar com­
partments each representative of a certain \X/C ratio, or an 
more severe cases with a parallel dead-space compartment. 
The detailed theoretical analysis was done by Powell (35) 
in her M.S. thesis. It was seen that the amplitude ratio 
obtained is grossly affected by maldistribution, except 
at very high frequencies. This effect is shown in Figure 
29 for the case of no recirculation and no dead space. For 
the case where recirculation is significant, the frequency 
response for several combinations of A, B and D, where 
A = 1/T^ B = and D = is shown in Figure 30. 
The region of interest is the flat portion where the ampli­
tude ratio is independent of w. But, as mentioned earlier, 
there are physiological and practical limitations to obtain 
AR 
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Figure 29. Effect of maldistribution on amplitude ratio for the case of no 
recirculation (from Powell (35)) 
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Figure 30. Effect of two-compartmental maldistribution on the amplitude ratio for 
the case of recirculation (from Powell (35)) 
56 
this region. 
As stated earlier, one way to describe maldistribu­
tion is to group the underperfused (overventilated) com­
partments with a parallel homogeneous lumped compartment, 
which can either represent, an anatomical dead space or an 
equivalent physiological dead space. The material balance 
equation for the dead space compartment is; 
where 
= partial pressure of inert gas in the dead space 
Vjj = volume of dead space 
= gas flow rate into the dead space compartment 
If a model with one homogeneous lung compartment with 
no recirculation is assumed, the partial pressure of the 
expired gas can be described by 
and by a similar procedure, it can be shown that the resulting 
amplitude ratio is ; 
dP 
(20 )  
(21) 
(22) 
Figure 31 represents this model 
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Figure 31. Model representing a homogeneous lung compart­
ment with parallel dead-space 
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where 
V, D f V. 
T 
g = 1-f 
The effect of dead space on the amplitude ratio can be 
more clearly seen in Figure 32. As is obvious from Equation 
22, the AR is increased over and above its value for a 
homogeneous lung compartment by the fraction f, when a 
parallel dead space is included. 
The model of the most complicated case, which includes 
recirculation and dead space, is shown in Figure 33. The 
differential equations describing this system are given 
as (35) ; 
Dead Space: 
(23) 
Alveolar Compartments 
(24) 
(25) 
Tissue : 
dP V 
V, V dt (26)  
i.O(S=-
AR 
.3 
.2 
J 
.001 
Figure 32. 
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The effect of dead-space on the amplitude ratio for the case of no 
recirculation and no maldistribution (from Powell (35)) 
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Figure 33. Model representing maldistribution, recircu­
lation and dead-space 
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The exhaled concentration is given by: 
Pg = £ PD + + ghjP^^ 
with 
\ ' Pl^B 
where 
V- = gas flow into compartment 1 
^1 
V_ = gas flow into compartment 2 
^2 
Q„ = blood flow into compartment 1 
®1 
Q = blood flow into compartment 2 
hj = fraction of gas flow into compartment 1 
hg = fraction of gas flow into compartment 2 
p^ = fraction of blood flow into compartment 1 
Pg = fraction of blood flow into compartment 2 
V- = volume of compartment 1 
^1 
V = volume of compartment 2 
^2 
P = partial pressure of inert gas in compartment 1 
1 
= partial pressure of inert gas in compartment 2 
vin 
Q = 3000 ml/min 
Q = 3000 ml/mîi 
Vp = 150 ml 
Va ,42 
Vy = 500 ml 
V , =  5 0 , 0 0 0  m l  
AR 
5 = 0 
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Figure 34. Frequency-response diagram for the model with recirculation, dead-
space and maldistribution (from Powell (35)) 
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The amplitude ratio of this system is then given by: (see 
Appendix A) 
{ [fJZ'+gA( jK-Lw)]2+[f w'+gA(JL+a)K) ]2}V2 
AR = — 2 2 2 2 1/2 (27) 
The frequency-response diagram for this system with S as 
a paramenter, for a given is shown in Figure 34. 
The Washout Technique 
In the washout technique, the partial pressures of the 
tracer gases are brought to a constant level and then cut 
off, in a stepwise manner, with each step (washin and 
washout periods) lasting approximately 1-1.5 minutes. The 
partial pressure of the inert gases in the expired mixture 
responds to the stepwise change in the inspired level with 
a transient curve which can be described with two exponentials 
plus a constant; 
-t/xL -t/T 
Pg(t) = Ae + Be + C (28) 
where 
Pg = partial pressure of the inert gas in the expired 
mixture 
x^ = time constant of the lung compartment 
x^ = time constant of the body compartments 
Here x^ represents the time constants of the "fast" 
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body compartments which are an order of magnitude slower than 
that of the lung. These washin and washout periods for : 
each inert gas can be seen in Figure 36 which is the re­
cording obtained from one individual (AvD). 
One-Compartmental Approach 
Preliminary investigations (68) showed that a 
healthy lung can well be represented with one homogeneous 
compartment. As given in the previous section, the material 
balance equation for a homogeneous lung compartment with 
recirculation can be formulated as: 
L dt 
If steady state is assumed and recirculation is neglec-
dPa 
ted, gig— = 0 and P^ = 0. In this case it is easy to show 
that the ratio of the expired mixed alveolar partial pres­
sure P„ to inspired partial pressure P. which will be Ci If 
defined as saturation, S', is given by: 
^A 1 
^ 1 + 
& 
It is obvious that for the washout technique which 
has a dynamic response when the inspired level is cut-off. 
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dP 
—^ ^ 0. Also, as mentioned in the previous section venous 
dt 
return has a significant influence within a period of 15 
sec., therefore Py ^  0. During the washout period P^ can 
be described as: 
- t /T  
Pv = Py e ^ (31) 
o 
where 
P^(o) = the value of P^ extrapolated at t = 0. 
During the washout period, P^ = 0. Substituting for 
P^ and Py from Equations 28 and 31 into Equation 29, we 
obtain: 
A - t /T  g  - t /T  .  - t /Tr  - t /T  
V, (- — e e =-(Vâ+XÔp.) (Ae ^+Be 
L TJ. T^ ^ ® 
T~ 
. P e V 
+ aqb'^V^ 
At t = 0: 
^L<- ^  
and 
X T V 
P„ = B -Z—^ (1 + -^) (33) 
^O ^v XQg 
At the end of the washin period (or the beginning 
dp 
of the washout period at t = 0) , = 0, P^ = P^ and P^ = 
P . Therefore Equation 29 becomes: 
o 
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Substituting for Pj^(t) in Equation 30, we obtain: 
S • = —2 = (34) 
i QR  
1 +A 
The ratio on the left hand side of Equation 34 is the 
saturation at the end of the washin period corrected for 
venous return, and will be designated as S^'. If In 
is plotted against t, the inverse of the slopes of the 
fast component (lung) and the slow component (body tissue) 
will give and respectively. The constant B can be 
evaluated by extrapolating the straight line of the slow 
component to t = 0. The washout curves and the fast and 
slow components are shown in Figure 37. 
Effect of Discontinuous Breathing 
In this section the effect of intermittent respiration 
on the determination of the XZ/O from the washout curves will 
be analyzed. The general mass balance equation for a 
homogeneous lung, with the assumptions stated in the previous 
section, can be written as: 
d(V_P_) dP- dV 
—af- - af + af = <3=' 
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which is the same equation as (29), except that the term dV^/dt 
is included to account for the variation of ventilation with 
time. For breath-by-breath intermittent respiration, 
Equation 35 reduces to; 
VL  ^  = Vi + <36) 
which is the equation used by Suwa and Bendixen (55). 
Consider the simplified situation with = 0, and 
suppose that the breathing pattern is such that the inspira­
tion and expiration time and flow is equal. Thus, 
= 2V^ = 2VE 
where 
= rate of inspiration 
= rate of expiration 
During expiration,- = 0,- and Equation 36 yields: 
+ —^ P^ = 0 (37) 
dt 
or 
-t/x 
P. = P. (0) e ^ (38) 
e e 
where 
-'E = 
P = alveolar gas level during expiration 
^e 
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P (0) = alveolar gas level at the beginning of 
e expiration 
Similarly during inspiration 
2P.V. 2P. V_ -t/T. 
p .  =  ( — +  I P .  ( 0 )  -  ( - ^ ) T . l e  ^  ( 3 3 )  
^i ^i 1 
where 
2V. + XQG 
P = alveolar gas level during inspiration 
^i 
P (0) = alveolar gas level at the beginning of 
i inspiration 
Using 38 and 33, the change in expired partial pressure 
during the expiration can be expressed as a function of 
the respiration period and the physiological variables 
Qg, X and V^: 
Pae"" 
= 1 - EXP(-T/2T^) (40) 
where 
T = respiration period 5 sec.) 
AP^g= change in alevolar gas level during expiration 
On the other hand, the mean expired level can be defined 
as: 
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^Ae PAe(0)+PAe(T/2) 
Pi 2PT -
, T .(2V./V^)(1-EX P(-T/2T.)][1+EX P(-T/2T  ) ]  
= i -J: i ^ (41) 
^ [Exp(-T/ 2 T G )-Exp(T/2T ^ ) ]  
By expanding the exponential terms it is easy to show 
that for T^O, Equation 41 simplifies to: 
^ = i-T (42) 
i 1 + M 
& 
lim T->-0 
which is the Equation 30 used for continuous respiration. 
If AP^^/P^gtO) is determined as a function of X using 
the equivalent volume, + ^lT^LT ^  ^ B^LB each 
gas, the following values are obtained for a respiration 
rate of 12 min. 
X A^Ae' 
Helium 0.0096 0.25 
Acetylene 0.84 5.3 
Halothane 2.3 8.3 
Ether 12 20.5 
It can be seen that the time effect is more significant 
for gases of high solubility. 
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Combined Effect of Time and Venous Return During 
Intermittent Respiration 
The venous return can be described with 
Py(t) = Exp(-t/Ty) (31) 
Substituting the above expression for P^Xt) into 
Equation 36, the following differential equation is obtained: 
af"' = + AÔtPy Exp(-t/T^ )-P^  1 (43) 
o e 
The solution of 43 is: 
T 
P^g = Exp(-t/Tg) + P^ ) Exp(-t/Ty) + C (44) 
O V E 
where 
=1 = 'T^> 
o V E 
The drop in the partial pressure of the alveolar gas 
due to time effect and venous return during intermittent 
respiration is: 
AP = P^e(O) - P^ (T) (45) 
e 
The drop in alveolar gas level corrected for inter­
mittent respiration with venous return, can then be 
expressed as : 
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iPc = - ^Ae IT)' <1 - (4*) 
m Ae 
Therefore, the corrected level of the gas after a 
respiration period of T during the expiration (washout) 
period will be; 
= P^ (0) - AP (47) 
Ac Ae c 
where 
P (T) = the measured expired level of gas after a 
period T 
p^^ = corrected expired level of gas after a period T 
Ap = change in expired level corrected for inter-
^ mittent respiration with venous return. 
AP = change in expired level due to intermittent 
respiration with venous return. 
P (0) = partial pressure of gas at the first level of 
expiration. 
P (T) = partial pressure of gas at the succeeding level 
of expiration after a respiration period of 
T (~ 5 sec.) . 
The effect of breath-by-breath respiration is taken 
into account in the calculations, since the preliminary 
results showed that with highly soluble gases like ether 
the pure time effect is as much as 20%, although it is 
negligible for gases of low solubility. However, the venous 
return counterbalances the drop in the alveolar level during 
expiration, and as will be seen from the results obtained 
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with these corrections, the overall effect of intermittent 
respiration is negligible even with highly soluble gases 
like ether. 
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EXPERIMENTAL MEASUREMENTS 
The experimental set-up is shown in Figure 35. The 
apparatus consists mainly of a steel cylinder 3" in 
diameter, through which the mixture of air and inert gases 
pass, a mouthpiece attached to the cylinder which in turn is 
connected to the 11 channel Balzer mass spectrometer via 
a silicon sample tube. The output from the mass 
spectrometer is recorded in the strip chart recorder. The 
liquid inerts (halothane, ether and acetone) are vaporized 
in the copper kettles by passage of oxygen and mixed with 
the main air stream by injection through the plastic tube. 
Helium and acetylene are supplied from pressure tanks. The 
oxygen flow which goes through the copper kettles and the 
helium and acetylene flows are regulated by magnetic valves 
which in turn are controlled by the function generator valve 
control system. The flow rates of oxygen and the gases 
through the tubes are calibrated by installing flow resistors 
in the tubes and the flow of these gases is such that 
their concentration in the main air stream is 0.01-0.03 vol. 
%. The inspiratory and expiratory gas flows are measured 
with a pneumotachograph. The vacuum pump can be adjusted 
to the desired suction flow rate. The air flow from the 
pressure source and the suction should be monitored in such 
a way that during the respiratory pause there is no flow 
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Figure 35. The experimental set-up 
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registered by the pneumotachograph, so that the subject 
breathing through the mouthpiece does not have additional 
air way resistance. 
Experimental Procedure 
The air flow from the pressure source is adjusted to 
200 L/min., and the vacuum pump is tuned so that no flow is 
registered by the pneumotachograph. In the first series of 
experiments the expiratory and inspiratory flows were 
registered with the pneumotachograph, but because of back-
mixing during expiratory and inspiratory flows it gave 
erroneous measurements of helium so that the P^/P^ ratio 
of helium was quite low (much less than unity ) during the 
beginning of the washout period. Since helium has an 
extremely low solubility among the other gases it is most 
significantly affected. Therefore, in the later experiments 
after the tuning, the pneumotachograph was removed. This 
gave a considerable improvement with the P^/P^^ ratio of 
helium being approximately unity. 
After the adjustment of the air flow to 200 L/min. and 
tuning, the oxygen supply also from a pressure source is 
turned on together with the acetylene and helium. Oxygen 
bubbles through the liquid inerts in the copper kettles and 
is saturated with them. The outflow from the kettles is 
then injected through the plastic tube and is thus mixed with 
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the main air stream. Helium and acetylene are directly 
injected into the main stream after passage through the 
magnetic valve. 
The channels of the mass spectrometer are loaded with 
the gases (mass numbers) to be tested (5 inert gases and 
COg)/ and after injection of the gases into the air 
stream each channel is adjusted to its maximum sensitivity 
to the corresponding mass number. 
After the loading of the mass spectrometer, the subject 
starts breathing the air-gas mixture through the mouth­
piece in sitting position. During exercise measurements, the 
subject sits on the cycometer and starts pedalling at a work 
load of 5 W. In the meantime, the valve control is ad­
justed so that the magnetic valves are opened and closed in 
a stepwise manner, each step (washin and washout) continuing 
for 1-15 minutes. In the later experiments, halothane in­
put was monitored by a sinusoidal valve at a frequency of 
0.33 min. . In the mean time, the stepwise washout of 
halothane was obtained by manually opening or closing the 
halothane tube with a clamp. Then both sinusoidal and step 
forcing functions can be analyzed simultaneously. During the 
exercise measurements, the work load was increased in steps 
of 25 W, up to 75 W. 
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Figure 36. Registration obtained for case 1 
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Method of Analysis 
One of the registrations obtained (case 1) is shown in 
Figure 36. Table 1 below shows the ratio of the mixed 
alveolar concentration, (partial pressure), to that of the 
inspired partial pressure, The mixed alveolar levels 
are obtained by taking the average values of the last 
portions of the expired breaths (where the slope of the 
expired concentration is approximately zero) during the 
washout period, since the first steep portion represents the 
anatomic dead space. 
Table 1. Ratio of mixed alveolar to inspired partial 
pressures of gases during the washout period at 
rest (case 1) 
V '^i 
, sec. Helium Acetylene Halothane Ether 
0 0.990 0.860 0.496 0.264 
5 0.625 0.589 C • 284 0.139 
10 0.407 0.425 0.204 0.132 
15 0.320 0.346 0.185 0.100 
20 0.231 0.292 0.141 0.086 
25 0.179 0.257 0.121 0.093 
30 0.127 0.235 0.118 0.081 
35 0.092 0.212 0.103 0.084 
40 0.075 0.201 0.101 0.095 
50 0.055 0.172 0.094 0.099 
55 0.045 0.169 0.080 0.069 
60 0.033 0.164 0.075 0.055 
65 0,019 0,152 0.075 0.072 
70 0.016 0.145 0.075 0.073 
75 0.007 0.141 0.072 0.068 
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Table 2. Ratio of mixed alveolar to inspired partial 
pressures of gases during the washout period at 
exercise (75 W) (case 1) 
t, sec. 
Helium Acetylene Halothene Ether 
0 0.990 0.845 0.584 0.343 
5 0.640 0.619 0.377 0.310 
10 0.398 0.437 0.279 0.243 
15 0.263 0.316 0.243 0.204 
20 0.178 0.268 0.217 0.204 
25 0.083 0.245 0.201 0.207 
30 0.053 0.214 0.205 0.195 
35 0.022 0.202 0.194 0.179 
40 0.020 0.188 0.179 0.179 
45 0.002 0.171 0.174 0.176 
The washout curves for the four gases, using the data 
in Table 1 are shown in Figure 37. It is seen that, the 
washout curves, except for helium, show the existence of a 
fast (lung) and slow (body tissue) component. Helium wash­
out curve, because of its very low solubility, does not show 
the slow component and is well approximated with a single 
straight line. 
The fast and slow compartments can be represented by 
straight lines on a semilogarithmic scale with a least-
square fit procedure and the time constants of these lung 
and body tissue compartments can be evaluated by taking 
the reciprocal of the slope of these straight lines. These 
are shown in Figure 38 for halothane. The time constants 
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Figure 37. Washout curves of helium, acetylene, halothane 
and ether obtained for case 1 
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Figure 38. Fast (lung) and slow (body tissue) components of halothane washout 
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of the lung and body tissues, together with their ordinate 
intercepts P. and B of the fast and slow components, 
o 
respectively, are shown in Table 3. 
Table 3. Time constants of fast and slow components 
Helium Acetylene Halothane Ether 
Rest: 
T_ sec. 
LI 
17.36 15.40 15.29 15.20 
T sec. 
V 
- 79.36 82.64 171.35 
'A/'i 
0.990 0.824 0.465 0.266 
B/Pi — 0.347 0.666 0.104 
Exercise: 
T_ sec. 
LT 
8.33 15.06 13.51 27.62 
X sec. 
V 
- 56.17 95.87 140.05 
"A/'i 
0.990 0.845 0.584 0.343 
B/Pi 0.378 0.275 0.239 
The saturation values can be obtained from the relation: 
Sg = (see Equation 34) 
According to the one-compartmental model: 
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S- = ±— — (34) 
c 1 + XQg/V  ^
and 
V^/Qg = A/(l/S^-l) (48) 
The saturation values and the \X/0 obtained from the one-
compartmental model are shown in Table 4. 
Table 4. Saturation values and V/6 obtained for one-
compartmental model (case 1) 
Rest Exercise 
V/Q V/Q 
Helium 0.990 0.98 0.990 0.98 
Acetylene 0.550 1.01 0.577 1.15 
Halothane 0.305 1.01 0.338 1.17 
Ether 0.172 2.45 0.161 2.32 
Effect of Intermittent Breathing on 
the Washout Curves 
As stated earlier, discontinuous breathing is one of the 
factors which influences the shape of the washout curve. 
Although it was shown that its influence on the saturation 
S* is insignificant, for the sake of demonstration its ef­
fect on the fast and slow components of the washout curve 
will be shown in Table 5 for the same individual (case 1), 
84 
Table 5. Expired/inspired partial pressures corrected for 
intermittent respiration 
Halothane Acetylene Ether 
t, sec. (pyp.) (P^/P^) ^ (V^i' 'V^i' <V^i'o 
0 0. 5265 0. 5265 0 .7360 0. 7360 G .2290 G .2290 
5 0. 3614 0. 3854 G .5343 0. 5532 G .1858 G .2002 
10 0. 3087 0. 3161 0 .4240 G. 4334 G .1117 0 .1360 
15 0. 2325 0. 2429 0 .3617 0. 3665 G .0970 G .1015 
20 0. 1939 0. 1989 0 .2347 0. 2995 0 .0649 0 .0744 
25 0. 1807 0. 1823 0 .2754 0. 2766 G .0906 G .0838 
30 0. 1370 0. 1423 0 .2307 G. 2333 G .0707 G .0765 
35 0. 1497 0. 1483 0 .2059 G. 2071 G .0667 G .0678 
40 0. 1135 0. 1176 0 .1933 G. 1938 G .0527 0 .0564 
45 G. 1191 0. 1185 G .1785 G. 1790 0 .0560 G .0552 
50 0. 1159 0. 1162 0 .1688 G. 1691 0 .0496 G .0512 
55 0. 1217 0. 1211 0 .1621 0. 1673 G .0219 G .0283 
60 0. 1146 0. 1153 G .1461 G. 1464 0 .0466 G .0449 
65 G. 1050 0. 1060 G .1404 0. 1405 0 .0433 G .0440 
70 0. 09G7 0. 0921 G .1291 0. 1291 0 .0290 G .0321 
75 0. 0765 0. 078 0 .1236 0. 1236 0 .0382 G .0369 
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but for a different registration, is the ratio of 
mixed alveolar to inspired partial pressure corrected for 
intermittent respiration using Equation 47. The effect of 
intermittent respiration on fast and slow components of 
the washout curves is shown in Figure 39 for ether. 
It is seen that, the corrected partial pressures are dis­
placed upward, and the corrected slopes are decreased. This 
effect is much more obvious in the lines representing the 
fast component and is directly proportional to the solu­
bility of the gas, as depicted earlier. But the overall 
effect on the saturation and therefore V/0 is negligible, 
as can be seen from Table 6 in the Results and Discussion 
section. 
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Figure 39. Effect of intermittent respiration on the fast 
and slow components of ether washout 
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RESULTS AND DISCUSSION 
Some experimental work was done using two different 
dynamic methods, one of them being the frequency-response 
technique with a sinusoidal forcing function using halo-
thane as the inert tracer agent, the other being the step­
wise forcing function employing five tracer gases in the 
inspired mixture, with partition coefficients ranging from 
0.0093 (helium) to 333 (acetone), the concentrations 
ranging from 0.01-0.03 vol. %. In the former technique, the 
inspired halothane concentration (partial pressure) is forced 
to change in a sinusoidal fashion with a frequency of 0.33 
cycles/min., and the amplitude ratio is measured by taking 
the ratio of the amplitudes of the expired/inspired halothane 
levels. In the latter technique, the partial pressures of 
the tracer gases are brought to a constant level P^, and 
then cut off, in a stepwise fashion, each step being 1-1.5 
minutes. From the analysis of the transient washout curve, 
the saturation at the end of the wash-in period, defined 
by equation 34 can be determined for each gas. 
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Effect of Intermittent Respiration and 
Venous Return 
In the washout technique, besides the venous return, 
the effect of intermittent respiration was also taken into 
account. Using Equation 47, the expired levels obtained from 
the washout curves were corrected and it was seen that 
the influence of discontinuous breathing on the saturation 
was negligible even in highly soluble gases. On the other 
hand, venous return has significant effect on saturation 
as is shown in Table 6. Here, S' is the uncorrected satura­
tion and is the corrected saturation either for inter­
mittent respiration or venous return, and AS is the % 
correction required. The values are obtained from the 
recording of one of the individuals (average values from 
two washout curves are taken). 
Table 6. Effect of intermittent respiration and venous 
return on saturation values 
Gas X S• S' AS' 
c 
Effect of Helium 0.0098 ~ 0% 
intermittent 
respiration: Acetylene 0.84 0.456 0.466 2.2% 
Halothane 2.3 0.307 0.316 3.0% 
Ether 12 0.156 0.162 3.5% 
Kttect ot Helium 0.0098 ~0% 
Acetylene 0.84 0.699 0.456 53% 
Halothane 2.3 0.467 0.308 52% 
Ether 12 0.223 0.156 43% 
venous 
return: 
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It can be seen that, while the effect of intermittent 
respiration can be neglected, the influence of venous return 
is quite significant. Therefore, correction for the re­
circulation was made during the calculations. 
The experiments were conducted with subjects in a 
sitting position on a cycometer, the workload increasing in 
steps from 5 Watts (rest) up to 75 Watts. The experiments 
were tested on 4 healthy individuals. The results obtained 
on one of the subjects (A^D) is shown in Table 7. 
Table 7. Saturation values and time constants of fast and 
slow components for case 1 
Gas T_, sec. T , sec. B/P. S' 
Ju V AU X X C 
Rest; Helium 17. 36 0.99 0. 990 
Acetylene 15. 40 79. 36 0.860 0 .347 0. 550 
Halothane 15. 29 82. 64 0.496 0 .166 0. 305 
Ether 15. 20 171. 35 0.264 0 .104 0. 172 
Exercise: Helium 8. 33 0. 990 
(75 W) 
Acetylene 15. 06 56. 17 0.845 0 .378 0. 577 
Halothane 13. 51 95. 87 0.584 0 .275 0. 338 
Ether 27. 62 140. 05 0.343 0 .239 0. 161 
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One-Compartmental Approach 
The simplest model to describe a lung is a well-mixed 
homogeneous compartment, and with the correction made for 
venous return. The saturation can be expressed as: 
= (34) 
1 + 
From (34), can be evaluated as: 
V./6_ = (48) 
* " (1/S^ - 1) 
The V/Q ratio obtained from Equation 48 for each 
individual are shown in Table 8, together with the 
deviation from ideal case (AV/O)^» There the ideal 
case will be described as a compartment in which V/0 = 1. 
From the results it can be seen that, one-compartmental 
homogeneous model well represents the lung, as the different 
gases with different solubilities give a V/0 ratio of approxi­
mately 1.0, except highly soluble gases, ether and acetone 
(not shown here). The rather high V/0 obtained from the 
washout curve of ether can either be due to the effect of a 
serial dead space or absorption at higher airways. This 
effect is much more obvious in the case of acetone which 
had a higher ratio than ether in spite of its very 
Table 8. ^/ô ratios obtained from one-compartmental ideal model corrected for 
venous return 
Rest Exercise 
X S' 
c 
A (V/Q) ^ Sc V^B à(V/Q)^ 
Case 
<V' 
1: 0.0038 
0.84 
0 . 9 9 0  
0.550 
0.98 
1.01 
2% 
1% 
0.990 
0.577 
0.98 
1.15 
2% 
15% 
2.3 0.305 1.01 1% 0.338 1.17 17% 
12 0.172 2.45 145% 0.161 2.32 132% 
Case 
(FE) 
2; 0.0098 0.990 0.98 2% 0.990 0.98 2% 
0.84 0.524 0.93 7% 0.563 1.08 8% 
2.3 0.317 1.07 7% 0.329 1.13 13% 
Case 
(AZ) 
3; 
12 
0.0098 
0.204 
0.990 
3.08 
0.98 
208% 
2% 
0.160 
0.990 
2.28 
0.98 
128% 
2% 
0.84 0.620 1.37 37% 0.597 1.24 24% 
2.3 0.362 1.35 35% 0.350 1.25 25% 
Case 
(HB) 
4: 
12 
0.098 
0.188 
0.990 
2.78 
0.98 
178% 
2% 
0.195 2.90 190% 
0.84 0.489 0.81 19% 
2.3 0.-280 0.89 11% - -• 
X=.0098 
X=.84 
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Figure 40. Comparison of ideal and experimental saturation curves 
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Figure 42. Saturation curve for case 1 (AvD) 
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high solubility- This can be seen from the saturation curve 
shown in Figure 40, where the experimental solubility curve 
is compared with the one-compartmental (ideal) model and 
also with other models. The experimental curve closely fol­
lows the ideal curve except for ether (and of course for 
acetone which is not shown here) which has a quite high 
saturation value compared to the theoretical value. 
Serial Dead-space 
The serial dead space can be represented in the mass 
balance equation for the lung by: 
where 
g^ = fraction of fresh air to serial dead space. 
With the assumptions for the one-compartmental homo­
geneous model, the saturation corrected for venous return 
then can be expressed as: 
S' = (50) 
1 4. 
According to the model, the X%/C ratio should be approxi­
mately unity, as can be seen from the results for gases of 
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different solubilities (helium, acetylene and halothane). 
Therefore, if the value calculated accordingly for 
ether comes out to be on the order of 100-500 ml, the 
unusually high found for ether is most probably due to 
serial dead space. Otherwise, if the g found is not 
comparable within this range, then it is due to absorption 
at higher airways.. 
The average saturation value of ether for 4 subjects 
is 0.188. Therefore: 
0-1* *  °  (12 ) (1 .0 )  
 ^ —nPgp-
g^ comes out to be -1.8. Therefore, the assumption of 
serial dead space is not appropriate, and the high satura­
tion (high V/0) is most probably due to absorption at higher 
airways. 
Comparison of Sinusoidal and 
Stepwise Methods 
For the one-compartmental model in the sinusoidal 
method, taking the phase shift also into account, the ampli­
tude ratio can be expressed as : 
AR = —.=OS_2 (51) 
1 + XOg/fa 
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where 
a = phase angle = ~ 360° 
At = time lag between peaks of the inspired and expired 
sinusoidal curves, sec. 
T = period (3 min.). 
In this method, only halothane was used, as its tissue/ 
blood partition coefficient is high enough so that re­
circulation can be neglected. The V/0 ratio obtained for 
halothane with this method is compared with that obtained 
from the stepwise method for the 4 subjects in Table 9. 
Table 9. Comparison of ratios for sinusoidal and 
stepwise methods 
step 
Case 1; 
(A^D) Rest (5 W) 1.01 1.02 
Exercise (15 W) 1.17 1.17 
Case 2: 
(FE) Rest 1.07 0.99 
Exercise 1.13 1.06 
Case 3: 
(AZ) Rest 1.35 1.40 
Exercise 1.37 1.23 
Case 4; 
(HB) Rest 0.89 1.17 
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Investigation of Other Possible Models 
1) One homogeneous compartment with a parallel dead 
space. 
This model was described in Figure 31, and the expression 
for saturation becomes : 
«c = f + ''xa <") 
1 + 
Then V/0 can be obtained as; 
V. • 
c 
If this model is correct, then the V/0 ratio obtained 
for two different gases (halothane and acetylene) must be 
within an acceptable range. With 25% dead space (f = 0.25), 
the results obtained for 3 individuals are given in Table 10. 
Table 10. V/Q ratios obtained with parallel dead space 
model 
(^/0)%=2.3 (^/g)x=o.84 
(1) 0.180 0.550 68% 
(2) 0.226 0.693 67% 
(3) 0.404 0.82 50% 
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It can be seen that, the deviation in is quite 
large, therefore this model is not representative of the 
situation. This can also be seen from the solubility curve 
for this model, as its deviation from the experimental curve 
(see Figure 40) is quite large. 
2) Two parallel homogeneous compartments. 
This model is shown in Figure 43. The saturation can 
be expressed as: 
= î-p^^i-rtïï; 
where 
wi = = hi/si 
g^ = fraction of fresh air to compartment i. 
If two different gases are used, the saturation for 
each gas is : 
" 1 + 1 + 
^2 ~ 1 + xgmi 1 + ^2^2 
can be obtained from (55) as: 
y 
_ 1 r(1+^1^2)(9i-si)+92^ 
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Figure 43. Model showing two parallel compartments 
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Substituting (57) into (56) we obtain: 
ag^ (bs^-gg) +92 ^ 
^2 a[(bsi-g2)+x2/xi[b(gi-sl)+g2] 
where 
a = 1 + xjwj 
b = 1 + 
This is a quadratic equation in ^2' and the constants 
of the equation, 
^"2^ + + c* = 0 
can be obtained as: 
\  -  g^S'X^X^ (59)  
x/ 
b = s^[%^-(2g2-si)+sixi]-sl[gi(xi+x2)+92(^2"^l)] <60) 
= g'r^'.- ' ^ -. x 2 isl+sz +%y(9l-si)]-9lsl+9i92-92 (sl-g;) 
x 
(61) 
-92 
Thus ^2 can be obtained as: 
This equation gives real solutions for #2 only for 
certain g values. That is, 
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- •»Vm - ° 
is satisfied for a certain range of g values. To obtain 
these g values, the equation, 
which is another quadratic equation in g, must be solved. 
The expression for g^ is ; 
where , 
ag - 4(s2 
bg = 4- . 
# 
x 2 
+ 4^2 xf- t*r^2<3-Si)-Si^S2^^2' 
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a 2 
-2SI2S • XI (X^-AJ) -4 [ (S^S •-S •-S •+!) (1-^) ] 
+ 2s{s^^a2^(2-sp 
If average values for Sj^ and S2 obtained from the washout 
curves of the 4 subjects are used, g^ is obtained as; 
(gi)l^2 = 7(-0.2339 + '^(0. 2339) (4) (-0.768)) 
and 
g 2^ = 0.767 
For Equation 63 to be satisfied, 
g^ > 0.767 
Thus in the two-compartmental model g^ can vary on 
the average from 0.767 to 1.0 for this set of healthy 
subjects. For each set of g^ and gg value, the correspond­
ing set of Pg can be found from Equation 62 and 
57, respectively. 
Table 11 shows the two extreme cases in the range 
.767 < g^ < 1.0 is shown below together with the spread 
parameter, S: 
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Table 11. Possible two-compartmental models describing the 
average situation of the individuals 
Comp. 1 Comp. 2 S 
g 0.767 0.233 
(1) V/0 0.53 9.1 1.00 52% 
(2) V/Q 1.59 0.16 0.78 55% 
g 0.9 0.1 
(1) ^/O 0.71 25 0.63 51% 
(2) 1.15 0.15 0.315 60% 
S2 is the contribution of the highly ventilated or 
highly perfused compartment to the overall spread parameter. 
On the other hand. Table 12 shows range of distribution for 
the theoretical two-compartmental model. 
When g^ = 1.0, then Equation 57 reduces to: 
1 si-s; 
"i = 
which is the average V/0 of the subjects obtained from 
one-oompartmental model. 
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Table 12. Theoretical two-compartmental models showing the 
range of distributions (.77 < g^^ < 1.0) 
Comp. 1 Comp. 2 S 
^2 
g 0.77 0.23 
(1) 0.42 9.17 1.18 43% 
(2) Vô 1.41 0.108 0.78 66% 
g 0.9 0.1 
(1) WO 0.70 27.3 0.65 51% 
(2) V/0 1.16 0.037 0.46 72% 
From the above results it can be seen that the extent 
of maldistribution decreases as one-compartmental model is 
approached (i.e., g->-0) . The results also show that, two-
compartmental model is represented either with a relatively 
highly perfused (i.e., low V/6) compartment and a highly 
ventilated (dead space like) compartment, or a relatively 
highly ventilated (i.e., high V/Ô) compartment and a highly 
perfused (shunt-like) compartment. The contribution of the 
dead space-like and shunt-like compartments to the overall 
spread parameter S is about 50-60%. 
The possible two-compartmental models for individual 
cases is shown in Table 13. It is seen that in the third 
case ('^40 yeard old subject) , the contribution of the 
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Table 13. Possible two-compartmental models describing 
the performance of individuals 
g Comp. 1 Comp. 2 S 
^2 
g 0.775 0.225 
1) AvD (Trained 
Sportsman) 
Vô 1.48 0.117 0.748 65% 
0. 775 < < 1.0 V/Q 
g 
0.44 
0.9 
9.16 
0.1 
1.13 44% 
V/Q 1.17 0.046 0.45 68% 
V/Q 0.71 25 0.65 69.5% 
2) PE g 0.799 0.201 
0. 799 < g^ < 1.0 Vô 1.41 0.165 0.637 40% 
Wù 0.56 8.87 0.902 49% 
g 0.3 0.1 
xx/c 1.23 0.10 0.416 55% 
vo 0.79 16.7 0.499 44% 
3) AZ (40 yr. old 
Subject) 
736 < g^ < 1.0 
g 0.736 0.264 
0. 
V/0 
vo 
g 
1.99 
0.59 
0.9 
0.197 
9.17 
0.1 
0.94 
0.97 
46% 
60% 
^/ù 1.52 0.07 0.64 42% 
v/Ù 0.99 25 0.33 98% 
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Table 13 (Continued) 
g Comp. 1 Comp. 2 S 
^2 
4) HB (22 yr. old g 0.76 0.24 
subject) 
V/0 1.31 0.045 0.95 79% 
V/0 0.30 9.27 1.45 37% 
g 0.9 0.1 
v/o 0.59 50 0.86 46% 
dead space-like compartment is quite large and becomes as 
much as 98% in the extreme case. This is because of the 
significance of the equivalent dead space compartment indi­
cating the significance of f (fraction of fresh air going to 
dead space). Thus, if the dead space and homogeneous lung 
compartment model is analyzed for this case. 
S* = f + 
1 + 
(52) 
The magnitude of f can be evaluated by using the data 
(saturation values) for the two gases (acetylene and halo-
thane) . Thus, from the two equations: 
1-f 
l+xlvi ^ (65) 
1-f 
l+x^u (66) 
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f is found as 
(67) 
and 
y = + A^-4B) ( 6 8 )  
where 
For this case 
f = 0.114 
p = 0.894(V/G = 1.12). 
This result shows that it is more appropriate to 
describe this situation with an equivalent parallel dead 
space of approximately 11%, plus a homogeneous lung compart­
ment with V/0 = 1.12. 
For the other cases f becomes negligibly small, as 
was depicted from an earl ter analysis of the above 
model. 
It is known that the ^/ô ratio incrases with exercise. 
This can be seen with all the subjects (see Table 8), ex­
cept for the subject mentioned above, who has a significant 
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equivalent dead space. In this situation it is expected 
that with exercise a more even V/0 distribution will be ob­
tained, since more blood will be available to the dead 
space-like compartments, hence the overall V/0 ratio will 
be closer to unity. From the results for this case (Table 
8) it is seen that the ratio obtained from one-compart-
mental model in exercise is approximately 1.25, and the 
deviation from ideal case, A(V/0) is reduced by 40%. This 
corresponds to a homogeneous compartment with V/0 = 1.07 
plus an equivalent dead space of 8.5%. Thus, with exercise 
the inequalities in V/0 (maldistribution) tend to become 
more even. 
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CONCLUSIONS 
Two noninvasive methods, the sinusoidal frequency-
response, and the stepwise washout techniques, were simul­
taneously tested on healthy human subjects in an attempt to 
test a maldistribution model, which can be extended to 
describe maldistribution in pathological cases. 
The results indicate that a one-compartment homogeneous 
lung model is a good representation of a healthy lung if 
correction is made for recirculation in the washout analysis. 
Recirculation effects can also be minimized by suitable 
selection of an agent (in this case halothane) and the 
frequency in the frequency-response method. Both methods 
give the same measured '^/Ô ratio with halothane in rest and 
exercise situations. Except for ether and acetone, which 
have abnormally high saturation values due to absorption at 
higher airways, a V/0 ratio of approximately unity is 
obtained from other gases (helium, acetylene and halothane) 
with the washout method, using the one-compartmental model. 
In one of the individuals 40 yr. old subject) , a high \X/0 
ratio was observed with as much as 35% deviation from the 
ideal model. This case is described with an ideal lung 
compartment and a physiological dead space of 11%. 
A two-compartment lung model which also describes the 
situation, consists of a relatively highly perfused compart-
Ill 
ment (i.e., low ^/û) and a highly ventilated (dead space­
like) compartment. But this model gives a high spread 
parameter, even in the case of a trained sportsman, implying 
a severe maldistribution which is expected to be found in 
pathological cases. 
The analysis of different models, coupled with the 
extent of deviation of the saturation curves from the ideal 
model (see Figures 40, 41 and 42), can give useful infor­
mation regarding the performance of the lung. The situation 
found with the 40 yr. old subject is analogous to that found 
by Wagner ét al. (56) with a 42 yr. old healthy subject 
who had blood flow going to regions of low ^/Ô, i.e., a 
shunt-like region. In the present uptake method, however, 
the extent of shunt cannot be quantified, and the magni­
tude of maldistribution is described by an equivalent dead 
space. 
Although the present methods are not as exact as the 
method of Wagner et al., they are simple and noninvasive 
and can be useful to predict the overall performance of the 
lung. The frequency-response technique is simpler, as only 
the amplitudes of the inspired and expired sine waves have 
to be measured. Therefore, it can be easily used to pre­
dict lung perfusion for one-compartmental models, using halo-
thane as the tracer gas. To predict maldistribution models 
for pathological cases, however, information from other 
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gases is also needed, and the multiple inert gas method is 
useful in this case. Even with normal, healthy subjects, 
the extent of an equivalent dead space can be depicted. 
In pathological cases, two or three-compartment models, 
which correspond to two or three modal distributions in 
Wagner's method, can be used to describe the pathological 
situation. In abnormal situations, the helium washout 
curve, which shows the existence of only one compartment 
in a normal lung, will show the fast and slow components, 
which is a further indication of a pathological case. 
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RECOMMENDATIONS 
1. This technique can be utilized more effectively by 
coupling a computer to the mass spectrometer, so that the 
desired parameters such as amplitude ratio, saturation, V/Ô 
are obtained instantaneously. The possibility of the dif­
ferent models can be tested on patients and the patho­
logical situations described with these models. 
2. To overcome the absorption problems of ether and 
acetone, which can be useful in detecting possible serial 
dead space models, modifications should be made so that 
they are injected directly into the steel tube, and thus 
prevent the absorption of these highly soluble gases by the 
plastic tubing. 
3. The only thing required from the patient in this 
method, is to breath through the mouthpiece. The present 
experiments were conducted in sitting position for healthy 
subjects. The set-up should be made more convenient for 
the patient when the method is tested for pathological cases. 
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APPENDIX 
dc^ 
% dt^ = &/=!-%) + <'^2' 
va, dt-^ = &/=!-%) + 
dC 
df = <Ca-=v> + AQg IC -cy (A4) 
11 11 
Taking the Laplace transforms: 
= vd(ci-cd(s)) 
sC^ (s) = V (C.-C_ (s)) + XQ (C (s)-C (s)) 
^1 ^1 1 ^1 ®1 ^ ^1 
V. sc. (s) = V (C.-C (s)) + AQ (C (s)-c (s)) 
2 2 2 2 2 2 
Substituting s = iw and rearranging, 
CnlW = j+ts c. (fl5) 
PC (iw) + GC (iw) 
= tim+p+g) ' 
123 
a(i<u+f+g)ci+bgc^ (iw) 
^ ((iw+F+G)(1+A+B)-BF) (A^) 
The exhaled concentration is given by: 
S = + •3''2% ia8) 
Eliminating C (iw), solving for C (iw), C (iw) and C (iw), 
V D ^2 
and substituting into Equation A8; 
(fJZ' + gAJK - gALw) + i(FJW + gAJL + gAK) 
(JZ'-W')+i(JW'+Z') 
Taking the amplitude ratio: 
_ ((fjz'+ga(jk-lw))2+(fjw'+qa(jl+wk)2)l/2 
ar - 5—5 5 y t-tf 
((j^+w^)(z'^+w'^))^/2 
where 
A = V, /V, 
"1 -"1 
f = 
124 
H = (F+G)2+w2 
j = v^d 
K = h^Y+hgW) 
L = (h^z+h^x) 
N = F/H 
Z' = (RY-SZ-TW-UX) 
R = A+B(l-M) 
S = œd+BN) 
T = BM:^ 
^1 
U = w(BN 
^1 
AE 
W = A+B-M(B- ~) 
AP 
X = w[l+N(B- —)] 
Y = A + 0^ + M^(B - 0^) 
Z = 03 [^-N ^(B- ^ )] 
W = (RZ+SY-TX+UW) 
